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FOREWORD

The study on which this report is based was accomplished in the
cardiovascular and human centrifuge laboratory of the Mayo Foundation, Maye
Clinic, Rochester, Minnesota, under the direction of Dr. Barl H, Wood under
Air Force Contract No. AF 33(616)-5938%, Project No. 7220 and Task
No. 71742, Dr, Edwin P, Hiatt, Biophysics Branch, Aerospace Med cal Lab-
oratory, Wright Air Development Division was the contrazt monitozr, Doctor
Wood was assisted in this study by Captaius Bvex F. Lindberg zud Roberxt N.
Headley, USAF (¥C), both tempnrarily assignea 3¢ *2is project from the
Ascceleration Secticn of the Biophysics Branch, i.:zdspace Medical Laboratory,
Wiight Air Develooment Division, as well as by Dr, Hiram W, Marshall,
vMr, William F, Sutterer and Dr, Terence F, Mc(uire of the Mayo Clinic,

Work on this project started on 29 May 1958 and continued until 1 August
1960,

This study was made possible by the unstinting cooperation of
many of our technical and professional colieagres in the Section of
Engineering and Physiology, among which Miss Luciile Cronin, William
Hoffman , Jim Isazcson, Ronnie Wilcox, Bd Terve, and Mrs, Jean Frank are
deserving of particular mention.
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ABSTFACT

The purpose of this research was to measure cardiac output and
related physiological variables in human subjects exposed to acceleration
stress in various body crientations, Kesults of these experiments indicate
tnat an average decrease in cardiac output of 22% of conirol values occurs
in subjects exposed to headward acceleratioms of 4 g, No sy;stematic change
in cardiac output could be demonstrated when these same subjects were & ~osed
to forward ac:elerztions of up te 5 g. As the durution of these exposures
to acceleration were increased tc 10 minuiss, o further 2iterations in
output were demonstrable.

Bxposure to headward accelerati.n caused decreases in right atrial
and 2sophageal (intrathoracic) pressure and in the oxygen saturation of
arteriai blood which were proportional to the magnitude of the acceleration,
Borward acceleration, however, caused relatively large increzses in right
atrial and esophageal pressure but a decrease in arterial oxygen saturatiocn,
The decrease in arterial cxygen saturation was prevented by breathir ; 99,6%

oxygen.

PUBLICATION HEVIEW

%\'b.d%'l?g%. MC, USaF

Acting Chief, Biomedical Laboratory
2erospace Medical Laboratory
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EFFECT OF HEADWARD A.D FORWARD ACCELERATI(NS ON THE CARDIOVASCULAR SYSTEM

The physiology of the visual blackout phenomenon encountered during
headward acceleration as experienced in fighter aircraft of the Woth War 11
era, has been fairly well defined and reasonably effective preve?tativ?
measures have been developed., Now the problems confronting the investigators
in the field of acceleration physiology are related either %o the much
ionger duration of exposures and on occasion to the nuck higher 1evels‘of
acceleratiom which are anticipated in the flight of future aiccraft and
spacecraft, It is therefore irportant thati the effect of acce%eration
iasting several minutes be known at magnitudes telow that causzng‘blacko?t,
pain, unconsciousness, respiratory failure, and other gross cndpo19ts. in
order to determine the basis of decrements of human performance which may
be attributed to failure of the cardiovascular system under these conditxgns,
it is necessary to have measurements of cardiac output or some direct refiection
of it under acceleration stress applied to human subjects in various VéC?G?S.
Until recently no actual measurements of cardiac output during acceleration
had been reported in human subjects. In September, 1959, Howard (ref. 8?
reported the detemination of cardiac outpur in two subjects using.thc direct
Fick prinziple during exposure to headward acceleration over a period of‘
approximately 5 minutes while reclining supine in the fully extended posi-
tion. A 32 percent decrease in output at 2 g nd a 40 percent decrease at
2.4 g were demonstrated.

The purpose of this investigation was to measure the cardiac output
in human subjects during exposure to both headward (positive) and forward
(transverse) acceleration while in the more usual seated position, The
indicator-uilution technique with sudden single injections of dye into the
right atrium and continuous recording of the resulting curves frc rterial
blcod was used. These studies were carried out during 1 minute and 10 minute
exposures to headward acceleration and during 10 minute exposures to forward
acceleration., Since three separate series of experiments were cenducted, the
results of these studies are presented in three sections:

1. The Bffect of Headward Acceleration of 1 Minute Duration
I, The Bffect of Headward Acceleration of 10 Minutes Duration
111, The Effect of Forward Acceleration of 10 Minutes Duration

In general, the experimental methods employed in cach ssrieS were nearly
identical and are described in the next section, As the zesults from each
series of experiments are presented, any necessary modifications of the
procedures will be described,

This report is not intended to elucidate the entirety of the changes
in cardiac atput induced by acceleration, since 2il measurements of this
parameter were made at intervals during a period of time from approximately
2 seconds to 10 minutes after the onset of acceleration, The initial com-
pensatory cardiovascular response to the stress, therefore, had veen completed

Manuseript released by the Zuthor 21 Nov 60 for publication as s WaDD
Techrical Report.




(ref, 17) prior to the first determination. Tize results indicate that headward
accelerations up to 4 g produce a decreese in carciac output of varyin; degrces
in the subjects studied. This decrease usually did not exceed 30 percent of
the control value prior to centrifuge rotation, and no systematic change
accurred as the duration of acceleration was prolonged to 1) minutes, On

the other hand, forward accelerations of up to 5 g did not produce systematic
chanzes in cardiac output over the 10 minute period during vhich determinations
were carried out,

PATERIAL AND -ETHIDS

Seven healtby physicians having prévier. experience on a human
centrifuge served as subjects in these experiments. The vital statistics for
these individuals are given in Table 1,

The intravascular catheters and radial artery needle used fur the
procedure were introduced while the subject rested supine on a fluoroscopic
table equipped with an image intensifier assenbly and prior to his entering
the centrifuge cab. The venous catheter, which was a Mo. 5 Lehman type
{length, 100 c¢m,; inside diameter, 0.8 mm.), was introduced by percutai..ous
needle puncture of a vein in the left forearr and advanced under fluoroscopic
control so that its tip was located at the juncture of the superior vena cava
with the right atrium.

The arterial catheter, which was a No. 4 F, {length: 60 cm.,; inside
diameter: 0.6 ma,), was i-troduced by a variation of the Seldinzer technic
followinz percutanenus needle puncture of the brachial artery near the left
elbow, his catheter was advanced under fluoroscopic control so that its tip
was in the subclavian artery jnst ahave the acortic arch, A roentjenogram
af the chest was taken to verify the positions of both catheters (f re 1),
The left radial artery was
entered with a "o, 20 zauge
thin-walled needle (length:

R ¢m,; inside diameter: 0,76 mm,),

The subject then walked
to the centrifuge room and entered
the cockpit, where the catheters
and radial neecdle wzre connected
to P23D Statham strain gauzes
rounted approximately at the
level of the subject's thiid
intercostal space at the sternum
and positioned so that the sen-
sing element wa< permendicalar
(transverse) to the major vector
of acceleration, A stopcocke
controlled bypass system attached
to these zauges permitted the fre-
gquent flushing of the catheters with
henarinized Ringer's salution
under pressure to prevent clotting
(ref, 14), This same system was
used for baseline checks and

Figure 1, Roentgenogram of the

chest showing placement of the
aortic and venous catheters,
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calibration of fhe nancmeter systems against known pressures (ref, 14) at
intervals between the exposures to acceleration. A cuvette oximeter was
mnterposed between the radial artery needle ana its respective strain-

gauge manometer, A two-way Stopeock was used for immediatzly intérchangeable
connectior of the radial artery cuvette System to the strain gauge for
recording of pressure or to a mechunically controlled 30-ml, siliconed
hypodermic syringe for withdrawal or infusion of blocd at a constant rate

of 25 ml, per miaute.* The plunger of this syringe was wechanically coupled
to a linear potentiomster for continuous recarding of its position, and hen-e
recsr.led the rat: and valume of blood belng wilthdtawn ur reinfused into the
artery,

Another two-way stcpcock was interposed beiween the venoua cathetse
and its strain gauge for immediately interchangeuhble connection of the catheter
to that gauge for pressure recording or to a solencid-controlled, preusatically
activated 8.5-ml, stainless steel syringe (ref, 3) filled with an aqueous
solution of indceyenine green (Cardio-green) dye¥* (5 mg./mi,)e The piston
of this syringe was mechanically coupled to a linear potentiometer for contin-
uous recording of its position, and hence of the time, duration, and volume o
the sudden single injections of indocyanine green, ‘The onset of inject.un was
controlled manually by a push-bntton switch, and the duration (volume) was
auvtomatically held constant by an electrical holding circuit., Bach injection
of indocyanine green dye {ref. 2) consisved of 5 mg. of dye in a volume of
1 ml, The duration of each injection was Q.16 seconds. At the beginning
end end of each experiment, 60 ml, samples of blood were withdrawn from the
radial artery into syringes containing heparin, These samples were divided
into aiiquots to which known amounts of indocyanine green were added for
calibration of the cuvetve oximeter as described previously (ref, 4), Twenty
ml, 3amples of botnh radial artery and superior wena cava blood weie siatile
tanesusly withdrawn {or Van Slyke analysis of cxveen content, Aliqu Vv of
these samplea were reinfused through the cuvette oximeter as a chegk ... ths
calibration of this instrument {or blood sxyzen saturation, The physical
dimensions, dynamic response, and eloci.ical circuitry used with this oximeter
as well as the methods of calibration have becn aescribed previously (ref, 3,
4, 18), Ten seconds prior to each injection ¢f the indicator, a constanta
rate withdrawal of blood from the radial artery through the cuvette oximeter
at 25 ml, per minute was begun, and it was coatinued for approximatsly 30 seconds
after the injection, This provided & continuous record of the dye concentration
in arterial blood during the initial circulation of the indicator, The blood
wivthdrawn during the dilution curve was reinfused into the radial artery upon
completion of each dye curve, Cardiarc outpu® waa calculated from each of these
dilgtiun curves by use of the method cutiined by Stewart, Hamilton, and others
(!.'C - 9).

Respiretions were recorded by a thermocouple ns temperature vari-
ationa in an oral airway, the nostrils being occluded ao az to necessitate
breathing through the mouth, The electrocardiogran was recorded from leads
taped to the chezt in a3 modified 1ead II position. The aubject's reaction

* This mechanically contrulled syringe assembly was obtained from the Harvacd
Appacatus Co., Dover, Mass,

** Supplied through the courtesy of Hynzon, W~stcott, and Duaning, Inc.




times to a heteroseneous series of red light signals ~wunted at his fixation
point (105 cm. from the eyes) and blue-green liznt signals mounted bilaterally
ir this sare vertic‘l plane on a horizontal line 16° from his fixation point
were recorded throughrut ecach exposure to headward acceleration and during
the control deterrinations of cardiac outpit. The rate of rotation of the
centrifu e was recsrded continuously by neans of a tachometer, and also the
acceleration in the centrifuge cockpit was recorded from an accelerometer
mounted at the level of the subject®s heart., 1In part of the experiments the
aazle of the centrifuje cab from the vertical was aiso recorded .y means of
& gntontioweter mechanically couplad to the axle on which it rotated., These
variablas and the aortic pressure were recorded continuously Zuring each
exposure, Th¢ rizht atrial pressure wes 2lco reco-ded, excest during the
instant of the dye injection, and likewise the radial artery pressure except
for the periods of withdiawal of blood for recording of the dilution curves,

Upon complztion of the series of centrifuge accelerations and
without alteration of th2 position of the subject or strain gagues, fluid-
filled thistle tubes were attached to the subject in the mid-axillary line
on both sides of the thoraw:, and the menisci of the fluid columns in these
tac tubes adjusted vo the midpoint of the maximum antero-posterior chest
dimension at the level of the third intercostsl space at the sternum. Each
of the strain zauges vas closed off from the pressure being recorded and
opened instead to the fluid colu n in this tristle tube system. Through
individual 5-second exposures made at each leve of acceleration studied,
the shift in reference level (mid chest at the level of the third intercostal
space at the sternum) durin; acceleration was recorded as the subject was
pushed down into the seat and the manometer systems were subjected to the
levels of acceleraticn at which the physiologic recordings were made., The
necessary corrections for these shifts in base line were included in *he
measuremeni of all pressures recorded during acceierztion,

The information gathered by the instruments on the centriry; was
transmitted via a mercury trough comsutator system to galvanometers in a
seporate recording room. By means of 2 regording gssembly cdescribed elsewhere
(ref, 15), photokymographic
records of these galvanometer
tracings werc taken on two
cameras simultaneously at paper
speeds of 1,25 or 5 and 25 or
159 mm, /sec,

During the two series
of healward acceleration studies,
activation of the automatic blood
samplin: and dye injection syringes
as well as the turning of stopcocks
for blood withdrawal, injection of
indicator, and flushing of the
catheter assemblies were performed
by an observe. lying prone above
the subject on top of the centri-
fuge cockpit (figure 2), The
stopping and starting of the
centrifuge and the light signals

Figure 2, Cockpit end of human
centrifuge showing subject's position
in relation to observer lying prone
on top of cockpit and to observer
sitting near center of rotation.

5




to the subject were under the control of a Second observer positioned near
the center of rotation of the centrifuge so as to have a clear view of the
cockpi’ and the subject and first observer,

From the beginning of rotation the centrifuge required about 5
seconds to attain a speed of 15 revolutions per minute which was equivalent
to a headward vector of acceleration of 1.5 g. The rate of omset of accel-
eration was then maintained at about 1 g per seconc until the plateau level
of acceleration was attained, The distance from tne center of rotation to
the subject's heart level was 15 feet, For all the exposures to headward
acceleration the subject's feet were supported in the usual cockpit position
with heels 32 cm. below the buttocks, The backr<st of the seat was inclined
backwards 13° from the vertical and the subject's occiput was in contact
with a headrest so that the head and neck were afforded minimal support in
an approximately vertical position, The subject faced in the direction of
rotation, which was counterclockwise as viewed from above the ceniriiuge.
The centrifuge room was in semi-darkness during the exposure, the cockpit
and its occupants being illuminated by a shaded 200 wati tulb mounted 10 feet
from and dirscted towards . cockpit,

RESULTS

I. The Effect of Headward Acceler~tion of One Minute Duraticn

For this series of experiments, 6 subjects underwent a total of
51 separaie exposures to headward acceleration of 50 sec.nds duration at
plateau acceleration levels which ranged from 2 ta 4 g, There wersr 17
exposures to 2 g, 22 exnosures to 3 g, and 12 exposures to 4 g A 2=
dilution curve was recorded during each of these exposures, Thirty- .2
control (1 g) determinations of cardiac output were interspersed with
the 51 determinations carried out during centrifuge rotation., The subjects
wore a cutaway type (g-3A) anti-z suit which was inflated via a g-activated
valve to a pressure of approximately 20 mm, Hg. during oue of the exposures
to each of the three levels of headward acceleration studied, 1In 4 of the
6 subjects, a plastic catheter was inserted into the esophagus via a
a9stril so that its tip was at the level of the mid cardiac silhouette,
This catheter was attacned to a P23D Statham strain-gauge manometer which
provided a continuous record of intraesophazeal (intrathoracic) pressure,

A typical photokymographic recording obtained durinz a 63 secend
expesure to a headward acceleration of 3 g without inflation of the g-3A
suit is shown in figure 3, Note that the injecticn of the indicator for
measurement of cardiac output was not made until after the initial 1J-second
period of cardiovascular insufficiency induced by the acceleration, The
sequence of an initial period of failure followed by cardiovascular come
pensztion induced by headwaid acceleraticn has been described previously
(ref, 17); ana although it was evident in all of the exposures carried out
in this series of experiments, as illustrated in figure 3, it will not be
further detaiied in this presentation, It should be remembered and emphasized,
however, that all of this section's data as to changes in cardiac ocutput




LIGHT SIGNAL RESPONSE

Perphecal . {4 —--d - 4 L. il _-%_ N S b byt
Ceatrol —4--- = T TpRTm oy st et e o]t H
Light On

;‘ (n; /L)

SR T S 4
_\ t :

RADSAL AR

ECG ¢,
175 an‘q.-ﬁ*'m‘ .
RADIAL ARTERY EAR) ol
(mm Hg} 125 (118

75t A0
AORTA i A e
) 100

{mm H’i{‘,& i
£4r opaciTy puLse . ST,
RESPIRATION ~ Y% -
RiGHT ATRIUMF ..
. k
tmm. tg] =10 T T b

RPM./| 3
Blocd Flow thru Cuvette (i

ACCELERATION—f93——"1l}
Bozs Line

Figure 2, Typical photokymographic record of indicator~-dilution
curve and other variables during exposure of healthy man to headward
acceleration of 3 g for 70 seconde,

Note: (1) ~he initial decrease and subseguent compensatory rise
in arterial pressure recorded in both the aorta and radial artery which
occurred within the first 15 seconds of the exposure to acceleration;
(2) a downward deflection in ear opacity with the onset of acceleration,
denoting a decrease in blood content of the ear, evidently correlated
with the variatiorns in arterial pressure; (3) the initizi decrease in
the amplitude of the ear opacity pulse indicating a temporary fall in
arterial pressure at ear level; (4) the cessation of the radial artery
pressure tracing when the radiai needle was opened to the automatic blood
withdrawal syringe anc flow started through the cuvette oximeter; (5) the
interruption of the right atrial pressure tracing as the catheter was
opened momentarily to the automatic injectim syringe for injection of dye;
(6) the rapid injection of 1 ml, of the dye solution (5 mg.) made 20 seconds
after the onset of acceleration; (7) the large deflection in the recording
of the concentration of indocyanine dye in radial artery blood associated
with the initZal traversal of the dye blood mixture through the central
circulation followed by a much smaller deflection denoting the recirculation
of the mixtoreg (8) the decrease in transmissicn of red light in arterial
blood before injection of the indicator, signifying a drop in arterial
blocd oxygen saturation of approximately 8 per cent during the first 30
seconds of the exposure, which occurred without evident abncmmal.ty in the
rate or depth of respiration,

The blood withdrawn for recording of the dilutioe curve was reinfused
into the radial artery shortly after termination of the exposure,




induced by headward accelcration were obtained during periods extending
approximately from 20 to 40 seconds after the attainment of the plateau level
of acceleration, These data, therefore, pertain only to this particular
period of cardiovascular compensation that occurs after the rapid onset of
exposvre to a plateau level of headward acceleration, They are not pertinent
to the much mcore dramatic cardiovascular alterations that cccur during the
initial 5 to 15 seconds of such exposures.

The results of these experiments are shown in figures 4 through S,
which depict alterations in cardiac output, heart rate, stroke volume, mea
aortic pressure* and total peripheral resistance ** during accelerations with
and without inflation of the anti-g suit, 7Tihs measurements of heart rate
and mean aortic pressure were made from that portion of the record from which
the calculations of the cardiac output and stroke volume were made, ZEach
subject was assigned a number and every determination of each variable was
assigned a letter in alphabetic sequence. Thus the temporal sequencc of
determinations can be followed by means of the alphabetic designations, and
the individual variability in the results can be visualized.

The average level and range of the control (1 g) values for le
carciac indexes of these subjects, seated in the cockpit were 3.6 and 2.5
to 5.9 liters per minute per square meter of body surface. The values were
closely similar to the corresponding values of 3,5 and 2,5 to 4,4 L. /min./m
obtained in this laboratory fram healthy subjects resting supine on a padded
table (ref, 1), During the course of each experiment, the control values for
cardiac output in individual subjects ranged from #10 to 420 percent of the
average Zontrol value (left panel, figure 4), That this ;ariability was
related in part to some degree of anxiety during the procedures is suggested
by the fact that the level of cardiac output for the first determinations at
1 g (values designa‘ted by letter A) and the level for the secuid de¢ rminations
(letter B), which were made at 2 g, tended to be significantly higne than
those recorded later, when presumably the subject's initial level of anxiety
had been dispelled by the successful initial experience of centrifuge rotation
under these circumstances, With exclusion of this first exposure to accel-
eration, which was invariably at the 2 g level, there was a decrease in
cardiac output during exposurc to acceleration in each instance (left panei,
figure 4)., When all values obtained during acceleration are included and
compared to the temporally contiguous control values, the average decreases
in cardiac output were 7, 18, 22 percent at 2, 3, and 4 g, respectively
(table 2j.

‘fhen the skeleton type of anti-g suit was inflated to 200 mm, Hg.
during exposure to acceleration, the average values obtained for cardiac
outsut were slightly greater than the values obtained without the protection
afforded by the nonuniform and incomplete degree of pressurization of the
lower part of the body that is provided by this relative.y ineffective anti-
blackout suit, The average differences from the values without suit inflation
did not, however, attain statistical significance (figure 4, table 2),

* Mean aortic pressure: diastolic pressure 4 1/3 pulse pressure,

** Total peripheral resistance: Mean_aortic pressure (mm. Hg.) x 79920
cardiac output (L./min,)
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Figure 4. Effect of headward acceleration on cardiac output,

Values were detemmined from dye-dilution curves recorded at the radial
artery in six subjects 20 to 40 seconds after the attainment of the plateau
levels of acceleration indicated on the abscissa., Values for the indive
idual subjects are plotted in a vertical line over the apprcpriate numerals
1 to 6, shown on the abscissa at each of the four levels of acceleration
stucdied, The itemporal sequence of individual determinations in each
experiment on the six subjects is indicated by plotting the vali in
alphabetical sequence from A up to, for example, P -- that is, fruuw
determinations 1 up to 15 ~= the maximal number of dye-dilution curves
carriad out in any of the subjects, The ietter I was omitted to avoid
confusion with the nuperal 1,

Each value for each subject is plotted as percentage of the average
cardiac output obtained in the three to fivc determinations mace from him
in the control situation (seated in the centrifuze cockpit with the centrifuge
stationary, hence exposed only to the 1 g acceleration of gravity). The
averages of the control values obtained from each subject are given in table 1,
This makes possible the ~onversion of the percentage values shown in figures
3 through 7 to absolute vaiues should the reader desire,

Note that the initial two determinations (A and B) tended to give the
highest values, apparently as the result of some degree of apprehension
which was dispelled to an appreciable degree by the successful completion
of the first period of centrifuge rotation under the unusual conditions
rertaining in this experiment, Despite the 420 ver cent variation in the
control values for cardiac output, a significant systematic decrease in
cardiac output during this period of exposure to a plateau level of accel-
eration is evident, This effect was not systematically altered vy inflation
of a type g~2A antiblackout suit during the period of exposure (right panel),
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The values of 82 and 69 to 101 beats/min, for thc average and range
of control (1 g) heart rates recorded when the subjects were seated in the
cockpit (figure 5) were similar to the corresponding values of 73 and 59 to
117 beats per minute obtained in this laboratory for healthy subjects under-
going cardiac catheterization while resting supine (ref. 1). The h?art rate
increased during acceleration as expected (figure 5). The average increases,
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Figure 5, Effect of headward acceleration on heart rate of six
healthy subjects.

The values plotted were obtained during a period extending
from approximately 20 to 40 seconds after the attainment of the
slateau ievel of acceleration., (See legend 3 for explanation of
symbols used,

as compared with the temporally contiguous control (1 g) values, were 14,
35, and 56 per cent at 2, 3, and 4 g, respectively (table 3),

The average increases in heart rate during exposures with the g-3A
suit inflated to 200 mm., Hg. were slightly less than the values without suit
infiation, but the differences did not attain statistical significance (figure
5, table 3).

Values for stroke index were calculated for each determination of
cardiac output by dividing the cardiac index value by the average heart
rate measured during the period of inscription of the dilution curve (figure 6).
*3 would be expected from the previous comparisors, the values of 44 and 31
to 71 ml,/stroke/m2 for average and range during tie control period vere closely
similar to the 46 and 37 to 63 ml./stroke/m obtained from the group of subjects
catheterized in the supine position (ref, 1). As compared with the temporally
contiguous ccatrol values (table 4), the stroke index decreased by 24, 37, and
49 percent at 2, 3, and 4 g, respectively. Although the average decrease in
stroke index was less during acceleration with the g-3A suit inflated, the
average differences were not statistically significant,
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Figure 6, Effect of neadward acceleration on stroke volume of six
healthy subjects,

The values were obtained during a period extending from approx-
imately 20 to 40 seconds after the attainment of the plateau level of
acceleration. (See legend 3 for explanation of symbols used.)

The values of 97 and 74 to 1i3 mm. Hg. for the average and range
of mean aortic pressure obtained during the control (1 g) pericd in this
group of subjects were similar to the ievels of mean arterial pressure obtained
in this laboratory in resting healthy subjects (ref, 1), During exposure to
acceleration without infiation >f the antiblackout suit, the aortic pressure
at heart level decressed slightly in the initial 5 to 8 seconds of the exposure
at the plateau level of acceleration, Aortic pressure then increased as the
cardiovascular compensatory reactions became effective, so that during the
period from 20 to 40 seconds after the beginning of the exposure the mean
aortic pressure averaged 9, 21, and 27 percent greater at 2, 3, and 4 g,
respectively, than the temporally contiguous control level of pressure
(figure 7, table 5},

Inflation of this rather ineffective antiblackout suit to 200 mm,
Tz, ir _he control situation produced 2 slight increase - azveraging 10 mm, Hg., -
in wrtic pressure (right panel, figure 7, table 5), Inflation of this suit
at the beginning of exposure to acceleration przvented the initial slight
decrease in aortic pressure at heart level at the onset of the exnosure, although
not to the extent of producing a striking degree of hypertension at heart level,
such as has been reported previously, for other highly effective models of
antiblackout suits (16), The slight increase in zortic pressure produced by
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Figure 7. Effect of headward acceleration on mean aortic pressure
at heart level (teird intercostal space at the sternum) in
6 healthy sutjects,

Thez values plotted were obtained during the period of recording
of an indicator-dilution cucve 20 to 40 seconds after the attainment of
the plateau level of acceleraticn. (See legend 3 for explanation of
symbols used.)

Note (right panel) that the aortic pressure when the type g-3A
antiblackout suit was inflated at 1 g was consistently higher than the
average control pressure, During exposures with the suit inflated
pressures were significantiy higher than in the temporally contiguous
exposures without lower-body pressurization (table 5),

inflation of the suit was maintained during the pericd from 20 tn 40 seconds
after the beginning of the exposure, so that the aortic pressure during this
period averaged approximately 15 rm, Hg. higher than without pressurization
of the lowar body. This increase in arterial pressure produced by the suit,
particularly durinz t{he initial seconds of the expnsure, is undoubtedly the
basis for the moderate degree of protection against the occurrence of visual
symptoms which this suit afforded, 1In these six subjects the average pro-
tection afforded by inflation of the suit against the development of visual
symptoms was approximately 1 g,

The average and range of control (i g) values of 1120 ana 560 to
1750 dyne sec. c<m,”> for systemic arterial pressure/ilow ratio (systemic
vascular resistance) in this group of subjects were closely similar to the
corresponding values of 1130 and 745 to 1750 dyne sec, cm.‘s obtainzd pre-
viously in this laboratory from healthy subjects (ref, 1). Exposure to
acceleration was associated uniformlv with an increase in the systemic
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Figure 8, Effect of headward acceleration on systemic arterial
pressure/flow ratios (systemic vascular resistance) of
six healthy subjects,

The values were o%tained during a period extendinz fron approx-
imately 20 to 40 seconds from the attainment of the plateau level
of acceleration, “Jote that -- in contrast to the cardiac cutput
(fig, 3) -~ during the initial two determinations (& and B) the
level of perishcral vascular resistance tencded to be lower than
for subseguent deterninations. (See lezend 3 for explanatioc £
symbtols used).

pressure/flow ratio as viewed from heart level (figure 3, table 6). The
increase in this ratio averazed 17, 41, and 59 nercent at 2, 3, and 4 g,
respectively. 'The magnitude of the increase in "peripheral vascrlar resistance™
induced by ucceleration tended to be somewhat greater when the antiblackout

suit was inflated at the onset of the exposure, but this difference from the
nnprotected exposures did not attain statistical significance (table 6),

The oxygen saturation of arterial blood as determined by cuvette
oximetry from radial arterv blood began to decrease within 10 seconds after
the onset of the plateau level of acceleration (figure 3). The avera,z and
renge of the minimum values for arterial blood oxygen saturation attained
before inscription of the dye-dilution curve shown in table 7, revealed a
svstematic decrezse within the first 15 seconds of an exposure to 4 g headward
acceleration, ‘iith inflation of the anti-g suit to 200 mm. Hg. pressure, this
same degree » desaturation was reached at the 3 7 level. Saturation values
obtained +ith the anti-g suit infiated in this manrer were consistentiy lower
than those recorded with the suit uninflated at each level of acceleration
studied, Injection of the dye and the resulting dilution curve .ecorded by
the infra-rec photocell of the cuvette prevented any further detcrmination
of blood onygen saturatign during the remainder of the exposures when cardiac
output studies were being carried out,
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1I. The “ffects of tleadward ‘cceleration of 10 dinutes Durstion

The =are experinental nethodsused in the {irst serics of headward
acceleration studies -ere utili-ed jn this series, Jith the ouniet of the
plateau level of accelrration the first injection of dye :as ‘ade¢ within
2Y to 30 sccomds. .is soon as this dilution curve was coroleted and while
accelerction continued, the auton.tic withdrawzl syrinze vir activated to
reinfuse the tlood withdrawn duriny inscrintion of the curve. ““pon comrletion
of the reinf-sion of blond into the radisl artery, wi hérawal o a:ain begun
and dve injected for r:e second determinrtion of cerdiag »utut,  Tlds procedure
was reneatec as often 2s 5 times during tee 1) minute ex-osurc to 2cceliration,

each withdirawal ond infusisn reguiring approxim-tely 120 to 12D sec:nds,.

Zach of 5 subjects was exposed to 2 semarate plateau levels of
acceleration of up to 12 rinutes duration ranzinz from 2 to 3. 3. A total of
25, 24, and 13 dye dilution curves uvcre recorded during the exnosures to £, 3,
and 3! g res~ectively. Twenty-nine control (1 3) deterrinatins of cardiac
~utput were performed nrior to and {ollo.in; the 67 deter~inat;cns carried
out during centrifuge rotction. In addition to these c~atrols, the corcdliac
outputs of 4 »f the 5 subjects were determined 5 srparate times in roid
succession during a 10 minute period with the centrifuge stationary,

The results of these stadies are shown in tables 3 through 12 which
denict alterations in cardiac output, heart rate, stcroke voluwe, nean crtetia
sressure, and total ~eriphoral resistance dutin; prolongeid esposdres to head-
ward acceleration, As in the asre ‘i~us section, the rensareneat of Leart rate
and :ean aortic nressure were .-ade from that nortim of the record fron -hich
calculations of the cardiac output were made,

The average and range of cotrol values for cardiac output (t- "¢ ?)
are comparadle to tiwose in table £ in the previous series of experi-ents, It
should be noted that on the averaze the cor'iac ~»tout varied plus or minus
11 perceat ia the control condition over a 12 minute cericd of time, The
ranze of individual variation -ras =20 to 422 nercent of the iadividual's
averaye control valuae, ‘'Tith the saset of acceleration there was a decrease
in cardiac output on the average durin: the first mi ute of exn sure to all
three levels of acceleration studied, As the exposurc comtinued for 19
minutes, multiple determi-ati 'ns of car 'iac output, 2t approxiwately 2 minute
intervols, foailed to demmastrate anv syste~atic de:rease or increase in the
averaje values, an” the variation in these values did not exceed that of the
control period. The averagc decrease in cardiac catset ranged from 5 to 17,
from 6 te 29, and from 7 to 2% nercent of the individual's centrol value
prior to exposure to 2, 3, and 3! 3, respectively, A graphic represent: .on
of the Individual variatiosns in cardiac -utput during tne 1D ninute exposure
to 2 g oreceded by the 5 coatrol deterninatims in rani” succession 2re shown
in figure 9, 1In two instances the individual’'s cardiac output increased at
one point during acceleration to values exceedinz that of the caitrol neriod
nrior to the exposure,

Three of the five subjects were unable to cornlete the 12 ninute exposure

20




‘U0 T)ISTE008 BUTIND 6890I0OD ¥ sejvOTPuUT uFIe BUWIN
‘ESROKTUTWINLOD TENPIAIPUT I ofuey ﬁ u
*SUOY4SUTRINIOP TURPIATPUY JO Xsquan ( )

i i
_ G+ o3 &) (s+ 03 21 [z2+ ©3 0] [+ o3 <] [~ o3 oz fior = v2] TE?)
: - ; I+ o= I+ i+ = € 103370
w () (¥) () (v) (v) (v}
(z2+ o3 e - [6e+ o3 OE~, | [Lz+ o3 se=) [8+ o3 0:-) (- o3 g2} €y - 3
2te 8z~ 1T~ L= »i= LT 2’e '
(s) (1) (¥) (¥ (s) (v) (s)
B2» 02 yom) | o= 03 12~} b= 03 1<) | (ot~ 03 62=) | [6T+ o3 6T~ | (11~ o8 2e-) [z'y - s°2)
ve LI 9T~ 6T~ 9= oz~ vee €
(3) (v) (s) (s) (s) (s) (s)
e+ 03 8= 62~ o3 <) r+ o% 1) | [G2= o3 0T<) | [ET+ ©3 o2=) | [ET+ o3 €2+ s - s°2
€= €T~ - L1 - Sme 8°c 2
(¥) {(s) (s) (s) (s) (s) (s)
R3]
unz-3s0g 0T = ¢ L= S - €~ 1 T~0 o/ *% ¥/ J
ﬁ t (se3nuim) sxnsodxg Ry Jo woglsvang ontsa (3 1) 20 v zeTe00Y
] XepuI OsipIvy uy efueyy 1uen aeq Toexque)

(s3cefqus ¢ ‘senteas slviesx)
WO J3ICISTHIOOY DICAPEOH JO STOAST TNee3wld 03 sexnsodxy ejnuiN O Jutany

8 oIqwy

SPOTIed BSMOTIVA 3% $0.IT8A [OIFUODH $NONPIIR0H Arrescdwey eY3 wWoxl XepuI oeIps) Uy efuey)




£H
<

n
o

(e}

'
N
(o]

% Change From Control Value Before E xposure To G

300 600 © 300
seconds

Figure 9, Variation in cardiac nutput prior to and during 10
minute exposures to 3 g headward acceleration in 5
healthy subjects,

Zrch symbol repnrcsents sn individual subject's deternination
of flo+ at that particular time located on the abscissa., The heavy
line drauvn throughout the fijure represents a mean value at any
articular mueat, The indiviiual's average control value is shown at

he end »f each »lot,

to 3! ;. After approximately 5 minutes ac 3% a. these subjects reported
1535 of perspheral vision; two of the three continued the exposnre to the
soint where ceatral vision =as also last, 1U'pon tersination of this exposure
to 31 ;, ou2 subject experienced 2 periud of bradycardia (rate 53-55), 2

2 to 3 o, Uz, [a2ll in systolic arterial pressure, diffuse sweating, and
resr svicope. after 2-3 minutes with the head between the knees in 2

>
sei-cronuch nosition the symptoms abated zan.t the heart rate and blcood pressire
returned to aormal levels., Tigure 1) is a continucus plot of this subject's
heart rate ~nd aortic systolic and diastolic pressure prior to, duriag, and
Jalla-ing his exposure to the 3% 1 acceleratinn for 523 seconds.

Iy an effort to elicit the cause for these unexnected reactions,
~11 3 subjects were exposed to the identical nrofiles of acceleration on
mother dcy, usithant the introduction of the intravascular catheters. ECG
L2ads -jera toned to the chest tu nonitor any chanie in heart rate during the
expasure an” the subject's respoase to both peripheral and central light
si 1als -ms recorded, o difliculties of the type described were encountered
and all subjects compicted the three ex:osures to 2, 3, and 3% z for 13 minutes,
respectively, without visual syaptoms, bradycardia, or syncope.

ith a single exception, the heart rate systematically ‘ncreased in
response to headvard acceleration, the degree of increase beconing greater
~ith hizher levels of acceleration (tavle 9). The averaje perceat increase
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Figure 10, Plot of hemodynamic data duringz an 3} minute exposure

to 3.5 2 associated with develonment of a vasov: val
type reaction in a normal subject (No. 4) occur
towards the end and following the temmiration of the
exposure.

Mote the large cyclic fluctuations in aortic pressure usually
seen prior to and during the exposure. Following thic cnset of accel-
eration, the frequency of these variations in pressure increased. The
intermittent determinations of cardiac output showed an initial decrease
with the onset of acceleration, but no significant further systematic
change as the exposure was prolonged to 8} minutes, During the 7th
minute of the exposure the variation in aortic pressure decreased and
there was an actual fall in beth systolic and diastolic pressure
beginning at minute 8. The heart rate failed to increase in response
to this decrease in pressure and the subject experienced loss of
peripheral and then central vision prior to temmination of the exposure.
The pressure and heart rate continued to fall following stoppage of the
centrifuge until 5 minutes after termination of the exposure when the
subject became nauseated to the point ol retching. ie pressure and
heart rate then rose to normal values =2nd ti.e normally present cyclic
fluctuations in aortic pressure returned approximately 3 minutes after
the termination of the accelsvation.
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when conipared with the tempnrally contizuous control value was similar to that
obtained in the first series of experiments and ranged from 11 to 16, from 16
to 32, and from 36 to 72 percent at 2, 3, and 3! g, respectively, As the
acceleration was orolonged to 10 minutes, the average percent incre-se beccame
jreater during the 2 and 3! g exposures while the individual variation remained
about the sanme., The averaze variation during the control (1 g) period was

-4 to +1 percent of the individual's average control value.

As would be expected from previmus comparisons, tue average ~ontrol
values for stroke index iwere approximately the sam2 as in the initial s_ries
of headward acceleration studies, (table 10). Following the initial decrease
in stroke volume with the onset of accelerati-n, there was no systematic
alteration in the averaje percent decrease throughout the 10 uninute exposures
to acceleration., The averase decrease ranged from 13 to 24, fron 23 to 36
and from 26 to 58 percent of the individual's control value prior to the
exnosure,

The control values for mean arterial pressure (table 11) were in
close agreement with those of the previous series of studies, 'ith the
exception of three isol-ted instances, a consistent increase in mez ' arter al
pressure was recorded in all 5 subjects uporn exposure to acceleration, The
averaje percent increase in mean arterial pressure from the individual temporally
contizuous control value remained relatively stable during the 10 minute period
of acceleration, ranging from 2 to 6, from 15 to 18, and from 4 to 21 percent
at 2, 3, and 3} g, respectively. During the 10 minute control period, the
mean arterial pressure remained within -8 to 45 percent of the individual's
averaqe control value,

The control values for total peripheral resistance also were
relatively the same as those recorded in the initial series of ¢ meriments,
(table 12} the average per cent variation durins the 1) minute .. .rol period
ranging from -9 to +11 percent of the individual's average control., On the
average the total peripheral resistance increased with the onset of acceleration
and the degree of this increase ranged from 11 to 27, from 24 to 47, and from
38 to 46 percent of the individual's control value prior to the exnosure at
2, 3, aad 3 g, respectivsly. No systematic increase or decrease could be
determined as the acceleration was nrolonged, the ranze of average values
not exceeding those recorded during the control period,
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¥TiJ. The Zffects of Torwarc scceleratica of 10 !"inutes Duration

“or this series of accelerations the subject vas supported 14 2
supine, seated positic~ by a2 nylon net strung tightly to a contoured metal
frane (figure 11). The trurk formed a 12 desree angle with the floor of the
centrifuge cockpit and the leus -;ere flexed to form 100 devuree angles at both
the hips and kr=es, For each determination of cardiac output during these
forward acceleration studies, the turrning of stopcocks for plood withd, awal,
indicetor iujeciion, and fiushing of the catheter systems r.as perforied by
the subject, The activation of the automatic withdrawal and injection syringes
as well as the starting aud stopping of t.e centrifuge were under the contcol
of the center observer, Wo overhead observer was necessary during these
experiments,

Three subjects (Mo, 3, 4, and 6 of the original panel) were exposed
to 3 separate plateau levels of forward acceleration of up to 10 minutes
duration in secuence at 2, 3%, and 5 g respectively. ‘The sequence of exposures
was reversed in a -epeat experlnent with subject Mo, 4 as well as in @
experinent with subject *lo. 7. In addition, subjects No., 1 and 5 were exposed
te two separate plateau levels of 2 and 3% g for up to 10 minutes duration,

A total of 29, 30, and 21 dye dilution curves were recorded during these
exposures to 2, 3%, and 5 g, cespectively, Tharty-five control (1 3) deterw~
minations of cardiac output were performed prior to and following the 30
determinations carried out during centrifuge rotation, Tn addition to these
controls 5 of the 6 subjects' carcdiac cutputs were determined 5 separate
tires in rapid successicn during a 10 minute period with the centrifuge
stztionary, The cetheterization procedure was identical to the two previous
series of experiments, All pressures were referenced to the mid chest at

the level of the 3rd intercostal space at the sternum, The shi in reference
level wes recorded by means of the thistle-tube syster described yreviously,
t"echanical extensicons were attached to the two-way Stopcocks on the radial
cuvette ~nd ven-tus catheter systems and brouzht to a central control panel
which the subject operated as directed over the intezcomnunication system by
an observer reading from a srinted sequence (firure 12),

N

re results are shown in Tables 13 to 17 and Figures 13 to 17,
which depict the effects of forward acceleration of up to 10 minutes duration
on cardiac cutnut, heart rate, stroke voluue, meen arterial pressure, and
total peripheral resistance, As will be evident from the results depicted
graphicrlly, a significant difference occurred in the values obtained during
the 2 and § g exposures respectively when the senuence of exposures to
acceleration was reversed, The results of the two experi-ents in which the
sequence -as reversed, therefore, were omitted from the asalysis of per cent
changes ia relation to duration of exnosure in tables 13 through 17,

The average and ranze ~f control values for cardiac output in the
seated, supine position (table 13) are significantly hister than thos obtained
in the upright, seated position nrior to the heacward acceleration studies.
The averaze cardiac output varied from -3 to +9 percent oi the average control
value over a 10 minute period of time, and the individual varia.ion was from
=10 to +12 percent of the individual's average control, This degree of
variatisn was significantly less than that associated with the upright,
seated position, .iith the onset of forward acceleration, the cardiac output
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Figure 11, Contoured nylon support system used for the forwar’
acceleration studies, A.) Plaster headpiece worn by subject ‘.

permit firm attachment of the earpieces to measure blood oxygen
saturation and ear opacity pulse. B,) Automatic syringe for blood
withdrawal and infusion from the radial artery through the cuvette
oximeter C.). D.) Arm and wrist support to maintain position of

left arm and wrist containing arterial and venous catheters, E.)
Strain gauges for easurement of aortic, radial artery, and right
atrial pressures, F,) Thistle tube and connecting tubing whi-h

when filled with fluid and attached to subject were opened to the
manome ter systems during exposures to the levels of acceleraticn
studied to allow accurate recording of shifts in baseline imposed

on these systems by the acceleration and the shift of the subject

in the seat, G.) Electrocardiogzraph leads. 1.) Panel with

5 control knobs attached to stopcocks which permit the subject to
flush the aortic catheter, interchangeably connect both the right
atrial catheter with either the manometer or the dye injection

syringe and the radial artery needle with either the manometer or

the automatic withdrawal infusion syringe, and allow adequate flushing
of the syringe tubing o prevent clotting betwzen detemminations of
cardiac output, The mechanism for flushing the radial artery catheter
which was activated by the left foot is not shewn. J.) Orzl ajrway
containing thermocouple for recording of respiration and ¥.) mouth
microphone for intercomnunication system, L.) Automatic dye injection
syringe, M.) Part of pressurized flushing system to keep catheter-
manome ter systems from clottine,
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Fisure 12, 3uhject shown operating the remote stopcock controls
from a centra! control panel, The secuence of operation
1s received thrcugh the earphones fr m an observer
stationed outside the centrifuge room. JSubject is able
fo communicate with tne cbserver by means of the micro=-
phone shown just abecve the mouth piece, The oximeter for
recording the blocd content of the ear and the oxygen
saturation of this bleood is shown in place and fixed in
nosition on the plastic helmet,

decreased from control levels in every case but one during the 2 3 exposure
{fizure 13) and increased fron ccntrol levels jn all but two instances during
the 3' and 5 7 exposures, As these exposures were prolonged to 19 minutes,
nultiple deteminations of output at approximately 2 minute intervals did

not demonstrate any systematic chanjes in the average values, the average
variation not exceeding that of the c¢»  trol period, The average decrease in
card’ ¢ output ranzed from 12 to 19 percent of the temporally contiguous
control values during the 2 g exposure., The average increase in output
rented rom 16 to 26 and from 11 to 34 percent of the control value prior

to exposures to 3} and 5 g, respectively., Since the control value i.mediately
following the 2 7 acceleration in those subjects exrosed in the original
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Fizure 13, Effect of forward acceleration on cardiac output in six
healthy subjects,

Subjects 1, 3, 4, 5, and 6 are represented by svmbols (for key,
see table 1), and every determination of cardiac output prior, during
and following exposures to 2, 3}, and 5 g forward accelerations re-
spectively are plotted in relation to time shown on the abscissa, In
addition, subject 7 and subject 4 were exposed to the same three levels
of acceleration in a reverse sequence (5, 3%, and 2 g) and the deter-
minations performed during these experiments are plotted using letters
of the alphabet in the senuence in which they were pecformed, Those
determinations joined by the solid iines indicste no inter  tion in the
time scquence, Those values joined by the dashed lines indi.ate an
indetermilate tire interval between tvo determinations, Dotted lines
uere used to aliow the reader to follow the determinations of the two
subjects in vhom the sequence of exposure was reversed,

With the onset of 2 g acceleration, subjects 1, 3, 4, and 6 showed
a decrease in output hut as the exposure was prolonged to 10 minutes,
multiple detcrmirations of output at agproximately two minute intervals
failed to demonsirate any systematic chance, It is probable that the
first control deterrination of output was associated with some degree
of anxiety on the part of these subjects associated with the start of
what they knew would be a zrueling experience, The control 1 5 values
imnediately following the 2 g exposure showed an even Zreater decrease
in output in relation to the initial control value possibly due to the
decrease in anxiety associated with the successful negotiation of the
first period of centrifuge rotation. In general the control levels of
carciac output decreased as the experiment progressed, This was also
demonstrable in the two subjects whose expeosures to acceleration wexre
carried out in reverse sequence,
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sequence shows an even greater decrease in output, it 1s possible that the
first control determination was associated with a degree of anxiety on the
part of these subjects prior to the first cye injection, and exposure to
acceleration in this position, It is of irterest in this regard that the
contrnal level of cardiac output decreased :s the experiment progressed
(table 13, figure 13).

Two of the five subjects were unable to complete the 5 g acceler-

ation; one because of nausea and vo.iting and the other because of substern 1
chest pain., No one reported any visual symptoms nor were there any vaso-
vagal episodes as occurred with the prolonged headward accelerations,

There was a decrease in the averagze heart rate (table 14, figure 14)

ranging from 4 to 16 percent of the control value prior to acceleration during
the exposure to 2 g, The heart rate increased from the temporally contiguous
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Figure 14, Effect of forward acceleration on heart rate in six
healthy subjects,

See legend figure 13, for expianation of the symbo!s., Measure-
ments of heart rate were made from that portion of the record obtained
simultaneously with the determination of cardiac output. In response
to acceleration, the heart rate increased during the 3} and 5 g exposures
but varied at the 2 g level,

control value ir every case during the 3% and 5 g expcsures (table 14), The
average and range of increase was 19 to 29 and from 35 to 82 percent at the
31 and 5 g levels, respectively, The average variation during the 10 minute
control period was -1 tu +6 perceut of the individual's average control value,
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In zeneral the control values for heart rate in this position were lower than
those recorded in the upright position in the previous studies of headward
acc-leration, Thc heart rate was higher durinz the first control determination
of cardiac output prior to the exposure to 2 g than for any o” the other
control values for hesrt rote, thus supporting the interpretation stated in
the prior pacajrapin that the subject was in a sonewhat more excited state at
this time than during the subsequent periofs of the experiment,

The control values for stroke volume were significantly greater
{table 15) in this position than thiose recorded for the uprizhi seated
position, as would be expected from previous comparisons. The change in
stroke volume which took place with the onset of acceleration was extremely
variztle ({icure 15) and on the averase ranged from =20 to =4 and from =5 to
+1 percent of the termnorally contiguous contr.l values during the 2 and 3} e
exposures. There was a siznificant decrease in stroke volume of from ~20 to

100

STROKE INDEX (mi./min +m?%)

5 wozo0 5 10 5
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Fiyure 15, Eflect of foruward acceleration on stroke index in six
hiczlthy subjects, .o strikins systematic changes are
evicent,

~3) percent during the 5 g exposure to forward acceleration of 10 minutes
duration. Followins the detemminations wade during the first minute of the
exposures, there was no svsteanatic alteration in the values obvtained duriag
the ibseruent 1) minutes of the exposure to accelerrtion, ‘rne average stroke
volu—-e ranged from -6 to +11 percent of the individua’'s control value “uring
the 197 miwnte period of determinations with the centrifuze stationary.
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Tte control values for mean aortic pressure in the supine seated
positim were significantly higher than those recorded ir the upright, seated
position (table 16}, A consistent increase in mean arterial pressure was
recorded in all 5 subjects upon exposure to forward acceleration (figure 16).
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Figure 16, Effect of forward acceleration on aortic pressure
in six healthy subjects, Note the increasing
desree of systemic hypertension associated with
exposures to higher levels of forward acceleration,

“Mmen comparced with the control value obtalined just prior to the exposure,

the averade increase ranzed from 7 to 17, from 19 to 23, and from 17 to 31
percent at 2, 3%, and S g, respectively. During the 10 minute control period,
the individual's mean arterial pressure ranged from -4 to +3 percent of the
averaje coatrcl value,

The control values for total peripheral vascular resistance
{oressure/flov ratio) were approximately the same as those obizined in the
previous Z series of exjerirents (tatlie 17), The averaze percent variation
was fron =5 to +5 percent of the individual's average control value, during
the 1J-ainute control seriod when 5 successive determinations of cardiac
outnut were carried out, ~vhen the contrifuge was statiornary. ‘then compared
to thie first control (1 g) value the average vascuiar resistance increased
with *he onset of the first exposure to acceleration of 2 g in those subjects
exposed to the original seguence (figure 17)., The averaje increase ranged
from 29 to 33 percent durinz this first 10 minute exposure to acceleratien
in the experimental sequence, llowever, the averaze value obtained dr.ing the
control (1 g) detemminatisn immediately following this exposure was
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Figure 17, Effect of forward acceieration on total peripheral
"resistance™” in six heaithy subjects, No striking
systematic changes are evident,

siynificantly higher than the first 1 g value, and did not differ significantly
from the values obtained durinz this exposure. This suggests as did the values
for cardiac output and heart rate, that the hemodynamic status of these subjects
was significantly different during the first control detarmination of cardiac
output c.rcied out at the onset of the experiment prior to any ex ~sure to
accelcration than during any of the subsequent control determinat. s carried
out during the remainder of the experiment, There was no systematic alteration
in resistance as the exposure to acceleration was prolonged. The peripherai
wascular resistance tended to he increased slightly at 3} and 5 g in relation
to the temporally contigucus control value prior to the exnosures, There wae

a systematic decrease in vascular resistance of 11 and 17 percent during the
determinations at 1 g immediately following these exposures,

Forward accelecation produced a striking effect on rizht atrial
pressure in these subjects as shown in figure 18, This increment in atrial
pressure became zreater as the magnitude of acceleration increased, a four-
fold increase taking place in some cases at 5 g, Upon reaching the plateau
acceleration there was a gradual but significant decline in this rise in
oressure attained at the onset of acceleration 2s the exposure was prolonged
to 10 minutes, In relation to the value obtained at 1 g prior to each
exposure, there is a systematic decrease in right atrial pressure at 1 g
immediately after each exposure, suggesting a loss of circulating blood volume
during the exposure and an increase in the capacity of the vascular bed.
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Figure 18, Effect of forward acceleration on right atrial
pressure in six healthy subjects, Note: (1) the
increzsing maguitude of the increme~t in atrial
nressure with increased ievels of acceleration;

(2) the progressive decrease in right atrisl vressure
fron the maximum level attained at the onset of
acceleration; and (3) that in relation to the value

at 1 g before each exposure there is a systematic de~
creuse ian right atrial pressure at 1 g immediately
after each exposure, This suzgests loss of circulati.]
blood voluie during the exposure and/or an increased
capacity of the vascular bed,

As was the case in the headward acceleration studies, marked
decreases in arterial blood uxygen saturation took place daring exposure
to forward acceleration. The changes taking place in subject 7 during
exposure to 5 g acceleration are shown in figure i9. With the subject
breathing air, an inmediate fall in arterial blood oxygen satiyration was
recorded via the cuvette oximeter upon exposure to acceleration, This rapid
decrease in saturation with the onset of 4cceieration is compatible with the
nccurrence of a "physiologic" right-to-.left shunt, Upon termination of the
exncsure there was a Slow return of oxygen saturation to normal levels, Ome
interpretation of this phenomenon would be that a partial collapse of the
dependent portions of the lungs may occur during the exposure, and would
require some length of time to return tc nogmal function, This same subject
was evposed to 5 g for 30 secomds while breathing 99% oxygen. No decreaz«
in arterial bloud oxyzen saturation took place within this length of time
which is further evidence of a defect in the ventilation-perfusion function
£ the lung durir- forward acceleration,
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Figure 1S.

Changes in arterial oxygen Saturation during exposure
to a forward acceleration of 5 g when breathing air
and oxygen (subject No. 7). HNote: (1) that no
decrease in arterial oxygen saturation occurred
during a 30 second exposure when breathing 99,6%
cxygen; (2) the rapidity of the decrease in satu “tion
at the onset of the acceleration which is compat..
with the occurrence of a "physiologic'" right-to-le.t
shunt and (3) the slowness of recovery following
termination of the exposure which is compatible

with the interpretation that partial collapse of the
dependent portion of the lungs may occur during the
exposure,
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COM IENT

The measurement of cardiac oatput from dye-dilutior curves recorded
continuously by the cuvctte oximeter is an accepted procedure (ref, 12),
Satisfactory agreement between the indicator-dilution anc the direct PBick
methods under usual laboratory conditions has been established by studies
from many laboratories (ref, 6), It must be recognized, however, that under
the extreme cynditions of these studies disturbances in the circalation such
as retentim of dye in dependent portions of the lung, where blood may tend
to stagnate or flow more slowly, may invalidate the method. There is no
direct evidence from thesc cxperiments that dye wa: not lost in this manner,
or that other disturbances in the circulation may not have interfered with
this method, But conversely, zross alteration< in the time components of
the dilution curves recorded in these experiments .- the appearance time,
buildup time, passage time, and recirculation time of the dye -~ as we.l
as decreases in the disappearance slope of the curve might be exnected if
this were the case. Analysis of the time components of the dilution curves
recorded durinz centrifugation in the upright seated position shcwed an
averace increase of 20V percent ot less as co-pmred with the curves measu.ed
during control conditions, The disappearance slope showed an average <decrease
of 20 percent during acceleration, These channes in the different time
components of indivicual curves were similar, so that the contours of the
curves recorded curing acceleration were not arparently different from
normai (fisure 3), The generalized increase in time components and decrezse
in disappearsnce slope were consistent with the changes which would be
expected with the decreases in cardiac output that were obtzined in this
serics of studies of headward acceleration. It does not appear that the
chioazes in contovr of the curves are of such nature or magnitude as to
invalidate the indicator-cdilution r.ethod of determining cardiac outm inder
any of these conditjons,

A basic assumption of the indicator-dilution method is that the
blead {lov resains constant cduring the period of inscription of the curve
(ref, 11). Accorcingly, no ~ttempt was made to determine cardiac output
hy this vethod during the initial 12 tc 15 seconds of exposure to hendward
acceleration, for it is well known that drzmatic carcdiovazcular compensatory
reactions accur during this period (ref. 17), Recordings of blood pressure
and other parameters Suggest that the initial cardiovascular compeasatory
reactions are largely completed within the first 15 seconds of the exposure
(ref. 17), ‘ience it might be anticipated that the blood flow during the
period 20 to 40 seccnds after the onset of such an exposure would be sufficiently
stable to allow a detemmination of cardiac output by the indicator-dilution
rethud during this time, In any event, this has been 2 necessary assumption
in these studies,

The use of indocyanine dye permitted multiple determinations of
carci- T ontput without systemic toxicity or cdiscoloration of the subject's
skin, Also, the recording of dye concentration in whole blcood was unaffected
by changes in oxygen satur»tion (ref, 2)., The latter consideration was
imnoctant because of the variations (87 to 99 percent) in arterial bl ood




swyen saturation which occurred during the exposures to headward acceleration
and those of even zrealer maznitude that occurred during forward acceleration.

To refer all .ieasurements of pressure to the third intercostal
space at the sternun or to the mid chest may seem arbitrary and to some
dezree meaningle<s from the hemodynavic viewpoint if the heart moves downward
or backward under the influenc? of acceleratim, Roentgenozrams of the upper
sart of the body taken at the end of expiration in subjects experiencii g
headward acceleratinns to S g (ref, 13) revealed iess than 1 cm, of shift in
the base of the heart when the distance between the base of the skull snd the
juncture of the richt puricle -with the acit. Jas meatured, Thus it is po.sible
to reference pressures recorded duringy headward acceleration to an external
point on the body (in this case, the thir? intercostal snace at the sternum)
and $till be certain that any shift of this noint will be reflected by a
shift in heart level, On the oiier hand, the heart has been snown to shift
nosteriorly as much as 2 cm. during f .rward acceleration up to 6 2. Since
the external reference point for pressures recorded duriny forward acceleration
was located at the =wid chest position at the level of the third intercos*al
snace, it was not possible to take into -ccount any change in hear. level
which might occur -ithin the chest upon exposure to acceleration, As shown
in table 16 (figure 16), the arterial pressure recorded during forward
acceleration increased. Any posterior shift of the heart w..ch mizht take
place durinj acceleration wmuld act to decrease the level of pressure being
recorded, These results then must be camsidered in lizht of these facts.

Followiny the initial 15 seconds of headw.rd acceleration at 4 g,
all subjects in the first series of experiments reported clear vision, Further
validation of the measurements of aortic pressure was gained by calculating
the intra-.rterial pressure at heart level necessary to maintai 3idequate
arterial pressure at eye level to prevent interruption of the cii.ulation
to the eyes and the resulting loss of vision (blackout). Since it has been
shown that 20 mm, Hz, of pressure at eye level is necessary to prevent
collapse of the retinal vessels as a result of inire-ocular pressure (ref. 10),
and since the distance from the eye to the third intercostal space at the
sternum measured 3D to 35 cm, in these subjects, it was calculated that a
mean pressure of 112 to 128 mm, Hg. at heart level was necessary to prevent
blackout at 4 g, Al' 6 subjects had pressures within or above this range
during the 20 to 40 second poriod of the exposure during which these
particular measurements were made,

The hvdrostatic pressure difierences between the upper and the
dependent portions of the body in the seated position, which are greatly
exaggerzted during exposure to acceleration, render the interpretation of
the phys-.ologic significance of values for pressure/fiow ratios calculated
under these circumstances even more difficult than usual, These estimated
vaiues which are referred to heart level have no direct significance regarding
the relationship between blood pressure and flow through sesments of the
circulation at different levels above and below the heart, The pressure/flow
ratio as calculated does, however, nave some significance - relation to the
resistance azainst which the left side of the heart was pu. , ng under the
conditions studied,
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The reiarivelv small degree of protectim afforded by the rathex
ineffecturl nd wneve- pessurizoation of the loter body, provided by inflation
of tac =3¢ suit duriny headward accelcration, did not give 2 zood basis upon
which to investizote the mechanism of sucy protection, Furthermore, the
protection offorded by such devices is rcre obvious durine the irnitial 1§
seconds of ex wosure to acceleratisn than during the suhse-uent period, vhen
the inrediate carcinvascular compensatory reactions have hed sulficient time
to cepe ints full efect, [he reen aortic pressure was the only pararoter
studied in “hich a statistitatly signific-nt difference wou lound hetveen th
valucs ublained dutdn, ex usute to headward accei-ration with und without
inflation of the antieblackout s;it, Jince a systenaticelly s-aller decrease
in carciac output was not demonstrated during; these exposures with the suit
inflated, it anpcars that the :cchanis: for the increase ia wortic pressure
produced by the suit was an increase .n the le.e)l of systeric arterial
resistance, The averzze increase in pressure’flow ratio obtained during
exrosures with the suvit inflated s in fact greater thon for the exposures
withont suit protection, This difference, however, did rot attain statisticsl
significonce (table 6)., Tt has been denonstrated previcusly that inflation
of ar anti-blackout suit elevates the base of the heart 2 to 3 cm. (ref, 13),
If under this circu-stance blood pressure vere unchanged at true heart level,
st.ch an effect would produce an increase in blood pressure to 2 to 3 mm. "Ig.
per ; uhen me~sured at a fixcd external ooint on the bodv Such as the level
of the third interspace at the sternum, Theoretically inis c¢ffect would
provide 2 protection of less than 0.5 g at an acceleration of 4 g,

These considerations lend support to the concept that the protection
afforled by an anti-blackout suit is related to the degree of hypertension
at heart level which inflation of the suit produces during exposure to
acceleration (ref, 16), The results of the present study suggest the* this
in.tease in erterial pressure results chiefly from an increzse in sy: ic
vaccular resistance rather than from an increase in ¢ardiac cutput,

It should be re-erphasizea that tue determinations of cardiac output
curin:;, the 00 seccnd exposures to neadward »cceleration in the first series
~f studies were limited to the period from 20 to 40 seconds after the onset
ol plateau levels of acceleration, The chaages in cardiac output demonstrated
during this period of an exposure to acceleration cannot be extrapolated with
valigity to other periods during the exposure, as deronstrated by the results
of the nultiple deteminarions of flow perforred during the 1) ninu‘e exposures
to headuard acceleration, Particularly this is true {or the i:itial 12 to
15 seconds of exposure to accelerations with a rapid onset whiuh at levels
of greater than 3 g produce temporary insuf<iciency of circulation to the
head anc hence drarmatic cardiovascular compensatory reactisns presumably
including changes in blood flow,

Elucidation of the changes in carciac output and the relative
distributicn of this flow to the body in human subjects during the initial
period of circulutory failure and cardiovascular compensation induced by
headward acceleration reqnires the application of methods capable of determinina
instant-to-instant changes in blood flow in tuae irtact organism, Neither the
conventional direct Fick or indicator-dilution techniques using sudden single
injections is apnlicable to these requirements, The method for continuous
measurement of lower Lody flow in man described by Grace and co-workers (ref, 5)
provides a possibility for such studies if the technical difficulties of its
aprlication during ratation at hirh speed on a centrifuge can be overcome,
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